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Disentangling the role 
of environment in cross‑taxon 
congruence of species richness 
along elevational gradients
Carolina S. Ramos1,5*, Pablo Picca2,6, Martina E. Pocco3,4 & Julieta Filloy1,5
Spatial patterns of species richness have been found to be positively associated, a phenom called 
cross‑taxon congruence. This may be explained by a common response to environment or by 
ecological interactions between taxa. Spatial changes in species richness are related to energy and 
environmental heterogeneity but their roles in cross‑taxon congruence remain poorly explored. 
Elevational gradients provide a great opportunity to shed light on the underlying drivers of species 
richness patterns. We study the joint influence of environment and biotic interactions in shaping the 
cross‑taxon congruence of plants and orthopterans species richness, along three elevational gradients 
in Sierras Grandes, central Argentina. Elevational patterns of species richness of orthopterans and 
plants were congruent, being temperature the best single predictor of both patterns supporting 
the energy‑related hypotheses. Using a structural equation model, we found that temperature 
explained plant richness directly and orthopteran richness indirectly via orthopteran abundance. 
Cross‑taxon congruence is likely due to a common response of both taxa to temperature although 
via different theoretical mechanisms, possibly, range limitations for plants and foraging activity for 
orthopterans. We disentangled the role of temperature in determining the cross‑taxon congruence of 
plants and orthopterans by showing that a common response to the environment may mask different 
mechanisms driving the diversity of different taxonomic groups.
Understanding the main drivers of geographic patterns in species richness represents one of the most significant 
challenges facing ecologists and  biogeographers1–3. It is known that species richness of different taxa are often 
correlated, a phenomenon called cross-taxon  congruence4. It was proposed that cross-taxon congruence can 
be given by a common response to environmental factors or by an effect of the diversity of one taxon on the 
diversity of another due to trophic interactions or functional  interdependence4,5. Particularly, disentangling fac-
tors explaining species diversity and the degree of congruence between them would provide a wide framework 
to understand the main drivers of diversity  patterns6. Furthermore, the study of cross-taxon congruence has 
been proposed as a key issue in conservation ecology since the effective use of indicator taxa depends on those 
 patterns7. Thus, understanding the role of environment in the cross-taxon congruence may also contribute to 
evaluating the effectiveness of those indicator taxa.
Elevational gradients provide a great opportunity to shed light on the underlying drivers of species richness 
 patterns8–10. For instance, they exhibit large environmental variation over a short geographic distance, offer 
the possibility to find  replicates6, to select a specific environmental scenario, and to avoid covariation between 
alternative explicative  factors9. Besides, changes in seasonality that occur in latitudinal gradients can be avoided 
along elevation  gradients11. Moreover, mountains host an over proportional fraction of global  biodiversity3,6,12 
and are particularly vulnerable to climate  change13. Elevational gradients were the focus of many studies and the 
altitudinal richness patterns they described were quite variable, but  McCain9 proposed to summarize them in 
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four classes: decreasing diversity with increasing elevation (decreasing), high diversity across a plateau of lower 
elevations then decreasing monotonically (low elevational plateau), increasing diversity at lower elevations and 
then decreasing (low elevational plateau with mid-peak), a unimodal pattern with maximum diversity at inter-
mediate elevations (unimodal mid elevational peak). Here, we analyzed the degree of cross-taxon congruence 
between elevational patterns of species richness in vascular plants and orthopterans and whether it resembles 
with one of the four classes of patterns described.
The environmental factors potentially driving species richness patterns, and therefore key to understanding 
the cross-taxon congruence, can be grouped in energy-related  hypotheses1,4,14,15 or habitat heterogeneity-related 
 hypotheses16,17. Energy-related hypotheses have the strongest support to explain spatial diversity patterns but 
the mechanisms underlying those patterns are still  elusive18. These hypotheses propose that energy limits species 
richness through at least three different mechanisms. First, the ambient energy hypothesis, states that tempera-
ture limits species richness through physiological constraints associated with species physiological  tolerance14,15. 
Hence, temperature is expected to show a positive and direct effect on species richness. Second, the species-
productivity  hypothesis14 proposes that energy flowing through food webs is limiting richness; water-energy 
dynamics limit plant richness and herbivore richness is limited by the net primary production of plants and so 
on up the food chain. Species richness increases because an increase in resources may promote large popula-
tion sizes and then the probability of local extinctions is  reduced19. Therefore, we expect a positive and indirect 
effect of net primary production on species richness mediated by species abundance. Third, the temperature-
mediated resource exploitation hypothesis states that temperature can be limiting the exploitation of the available 
 resources2,20. This limitation reduces species abundance and therefore species richness. Alternatively, the species-
heterogeneity hypothesis found wide support to explain spatial patterns in species  richness16. This hypothesis 
states that an increase in the number of habitat types or structural complexity should increase the available niche 
space and thus allow more species to  coexist16,21. Particularly in mountain systems, a great slope is related to a 
major micro-environmental gradient and major microhabitat  complexity22. Thus, if this hypothesis prevailed, a 
positive relationship between species richness and habitat heterogeneity measures would be expected, irrespective 
of the altitudinal level where maximum values of those measures occur in each elevational gradient.
Here, we simultaneously explored the described hypothesis to disentangle the processes underlying the 
relationship between the environment and the cross-taxon congruence. We particularly asked (1) What is the 
strength of the correlation between the altitudinal richness patterns of plants and orthopterans? (2) What is the 
shape of these altitudinal patterns? (3) Which of the species richness hypotheses proposed finds greatest sup-
port? (4) The congruence pattern is an effect of the diversity of one taxon on the diversity of another taxon or a 
response of both taxa to the same environmental factor? We used a structural equation model (SEM) approach 
to contrast support of the alternative hypotheses proposed to explain the cross-taxon congruence. Plants are the 
basis of trophic cascades and provide a great variety of resources for herbivores, such as orthopterans, which 
provided us with an excellent model to analyze the existence of direct relationships of one taxon over another 
as a possible cause of the congruence of richness patterns. Moreover, we selected elevational gradients where 
temperature, primary productivity, and environmental heterogeneity were not correlated to reveal their roles. 
Overall, this study builds toward a better understanding of elevational richness patterns and the joint influence 
of biotic and abiotic factors shaping such patterns.
Results
Elevational patterns of environmental variables. Different elevational patterns were observed for the 
environmental variables considered (Fig. 1). Temperature decreased as the elevation increased. Soil moisture 
showed a relatively constant pattern until it reached 1800 m a.s.l. where it began to increase. NDVI decreased 
to 1800 m a.s.l. and then increased, jointly with the increase in soil moisture. Terrain ruggedness index (TRI) 
showed a complex pattern with the lowest values at the base and at 1800 m a.s.l., peaking at 1300 m a.s.l. At high 
altitude TRI was variable, showing high values of ruggedness for one gradient and low values for two gradients 
that exhibit plateaus at the top of the mountains. The standard deviation of the NDVI showed a minimum at 
intermediate elevations. Finally, the soil nutrient component remained relatively constant throughout the eleva-
tional gradients.
Species richness models and cross‑taxon congruence. We identified a total of 192 plant species 
(Supp_1) and 38 orthopteran species (Supp_2). Cross-taxon congruence was detected as the Spearman correla-
tion in the elevational patterns of species richness was significant (r = 0.37, p = 0.03). Furthermore, for both taxa, 
the trend fitted by locally weighted regressions resembles to a low elevational plateau with a mid-peak pattern 
(Fig. 2). Across low elevations richness increased, a maximum of richness was found around the 1300 m a.s.l., 
and then richness decreased along the elevational gradients.
The selection procedure performed to compare the degree of support of the hypotheses proposed and to 
identify the main single environmental variables related to elevational patterns in species richness showed that 
both orthopteran and plant species richness were best explained by temperature (ΔAICc < 2) (Table 1). The best 
fitted models showed that orthopteran and plant richness increased with increasing temperature (Fig. 3). How-
ever, the relationships between temperature and species richness appeared to be humpbacked.
The overall evaluation of the structural equation model indicated that there were no missing paths in the 
model (Fisher’s C = 1.96, p-value = 0.38). Temperature showed a positive direct association with plant richness and 
orthopteran abundance and a positive indirect association with orthopteran richness via orthopteran abundance. 
But temperature is not directly related to orthopteran species richness (Fig. 4). Furthermore, plant richness is 
not related to orthopteran richness.
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Discussion
Richness patterns of plants and orthopterans were congruent along elevational gradients, showing both taxa a 
response to temperature over a potential interaction between them. However, by deepening the insight on that 
common response to temperature, different hypotheses arose to explain species richness of both taxa. While plant 
richness was directly related to temperature, supporting the ambient energy hypothesis, orthopteran richness was 
indirectly related to temperature via orthopterans abundance, supporting the resource-exploitation hypothesis. 
Our analytical framework suggested that a direct relationship between the diversity of both taxa, as a result of 
trophic interactions or functional interdependence, may be discarded as the main driver of cross-taxon congru-
ence. Thus, as recently claimed, species coexistence patterns do not necessarily provide evidence of ecological 
 interactions24. Moreover, the response of both taxa to a single environmental variable (i.e., temperature) via 
different mechanisms for both plants and orthopterans could imply that the congruence would be decoupled in 
a context of rapid climate change.
The elevational species richness patterns of orthopterans and plants along the Sierras Grandes could be 
described as a low elevational plateau with a mid-peak (i.e., increasing diversity at low elevation, peaking at 
low elevations, and then decreasing towards high elevation), which is an uncommon pattern for both taxa. If 
the shape described here reflects a possible elevational trend for othopterans, to our knowledge, this is the first 
time that a low elevational plateau with a mid-peak pattern was documented. Previous studies showed either a 
Figure 1.  Elevational patterns of each environmental variable for the three gradients. The line is a local 
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lack of response of orthopteran richness to elevational  gradients25,26, a mid-elevational  peak27,28 or a decreasing 
 pattern29,30. For plants, although it was previously  found31, McCain and  Grytnes32 proposed the mid elevational 
peak as the most frequent pattern. At low elevation, Sierras Grandes registered a woodland belt with high levels 
of water, productivity, temperature and habitat complexity. Thus, those factors may be acting synergically likely 
driving higher diversity than typically expected for low elevations. At low-mid elevation, the ecotone between 
woodland and shrubland belts at approximately 1300 m a.s.l was possibly causing a peak in species richness in 
mountain systems due to the overlap of two communities (from low and high altitudes)8,32. Furthermore, the 
high levels of species coexistence may be maintained by topographic heterogeneity which also reached a peak in 
low-mid elevations. The decreasing species richness pattern, towards high elevation, is usually attributed to the 
decreasing of temperature and productivity with  altitude18. In Sierras Grandes, the decreasing richness pattern 
above 1300 m.a.s.l. may be explained by decreasing temperature as productivity does not decrease with altitude. 
Particular environmental scenarios related to the history of the mountain system might be determinant for the 
Figure 2.  Elevational pattern of orthoptera and plant richness for each of the elevational gradients. The line is 
a local regression model for the three elevational gradients together with a 95% confidence interval. Spearman 
correlation: r = 0.37, p = 0.03. Figure generated using R  software23.
Table 1.  Model selection results of orthopteran and plant species richness. Coeff. Coefficient, AICc Akaike 
information criterion corrected for small sample size, AICc w weights of the Akaike information criterion 
corrected for small sample size.
Taxon Model AICc Δ AICc AICc w
Orthopterans
Temperature 163.495 0.000 0.917
NDVI standard deviation 168.679 5.184 0.069
Plant richness 173.454 9.959 0.006
Null 174.591 11.096 0.004
NDVI 175.223 11.728 0.003
Terrain ruggedness 175.775 12.280 0.002
Plants
Temperature 210.939 0.000 0.986
Soil nutrient content 220.996 10.057 0.006
Null 221.849 10.910 0.004
Terrain ruggedness 223.030 12.092 0.002
Soil water content 224.130 13.191 0.001
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shape of the elevational pattern of species diversity. Despite all particularities, relying on environmental condi-
tions provides a strong framework to understand the underlying causes of those elevational patterns.
Overall, the common elevational trend in decreasing species richness for plants and orthopterans was mainly, 
but not exclusively as discussed in the previous paragraph, explained by decreasing temperature with elevation. 
Thus, our results supported temperature mediated hypotheses over productivity and environmental heterogeneity 
hypotheses; as previously discussed, those environmental factors may also be involved in shaping the elevational 
pattern (e.g.33). Plant richness positive response to temperature over other factors was previously found (e.g.10). 
For insects, species richness positive response to temperature was also well  documented25. Thus, in our study 
system, the role of alternative factors may emerge in the lowlands where temperature is higher than in the high-
lands. Towards high elevation, temperature mediated processes likely obscured positive productivity-diversity 
and heterogeneity-diversity relationships which may be revealed where temperature is not limiting (e.g.34). Thus, 
the cross-taxon congruence reflected a response of both taxa to an environmental variable providing evidence 
that the correlation of spatial diversity patterns is not an indicator of functional relationships between them, as 
recently  proposed24.
The cross-taxon congruence found here seemed to be the consequence of changes in both, plants and orthop-
terans species richness mainly related with changes in temperature. However, our SEM results showed that 
temperature was directly associated with plant richness and indirectly associated with orthopteran richness 
via orthopteran abundance. Thus, rather than a direct relationship between them; the response likely involved 
different underlying mechanisms driving the elevational patterns in species richness. Temperature was possible 
Figure 3.  Conditional predictions for the best fitted models for orthoptera and plant richness. Figure generated 
using R  software23.
Figure 4.  Structural equation model for the alternative mechanisms of cross-taxon congruence between 
orthopteran and plant richness. We show standardized partial regression coefficients and their significance levels 
(**p > 0.01; ***p > 0.001) shown above the arrows. Black arrows represent significant paths.
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limiting plant richness via physiological tolerances at high altitude, as high-altitude belts are dominated by 
Andean plants likely tolerant to lower temperatures than subtropical plants occurring in lowlands. The indirect 
association between orthopteran richness and temperature via orthopteran abundance suggested that orthopteran 
activity is controlled by temperature and consequently controls their access to food. As stated in the resource 
exploitation hypothesis, for ectotherms, activity is limited by temperature, so foraging is greater in warm than 
in cold  temperatures2. Thus, the higher the temperature, the greater the possibility of exploiting the available 
resources likely enhancing species abundance and richness, as proposed for  bees2 and other  arthropods35. Besides 
disentangling the potential drivers of elevational richness patterns of plants and orthopterans, we identified a 
causal model showing that the cross-taxon congruence is likely due to a common response of both orthopterans 
and plants to temperature. However, that common response to temperature involves physiological constraints 
with different underlying mechanisms: thermal tolerance and survivorship for plants and foraging activity for 
orthopterans. Therefore, temperature acted as a surrogate of environmental energy which implies range limita-
tions  mechanisms36 for plants and as a surrogate of the kinetic energy that provides temperature to increase 
 activity20 for orthopterans. This highlights that understanding causes behind cross-taxon congruence could 
provide deep insights into the interplay between interspecific relationships and environmental conditions as 
drivers of species richness.
The cross-taxon congruence found here indicated that plants and orthopterans can be used as a surrogate of 
the diversity of each other, and potentially as a surrogate of biodiversity in  general5. While covariance in species 
diversity provides a useful tool in conservation biology by the identification of bioindicators, our results indicated 
that the knowledge of the distribution patterns of one taxonomic group may not necessarily provide insight into 
the processes structuring the distribution patterns of other taxonomic groups. Moreover, as previously claimed, 
the strength of cross-taxon congruence is not consistent among many perspectives. For example, previous stud-
ies showed a stronger influence of plant richness than environmental variables on bird  richness37,38. Qian and 
 Kissling41 found that mammal and bird richness were strongly influenced by plant richness than amphibian 
and reptile richness and proposed that the direct relationship with plants is stronger for endothermic than 
ectothermic organisms. In fact, ectothermic organisms tend to be more affected by environmental conditions 
than endothermic  organisms39. Also, the strength of the cross-taxon congruence between arthropods and plants 
seems to be influenced by the degree of specialism of the taxa involved; specialist insects (e.g., endophagous and 
galling) showed a greater dependence on plant richness than less specialized ones (e.g., exophagous and non-
galling)40. The cross-taxon congruence showed to be scale  dependent5, being stronger at large than at local  scale41. 
Moreover, the relative influence of different factors in determining species richness patterns also changes with 
 scale41 and also changes the relative contribution of large and small scale processes across  taxa42, being variables 
related to energy those that play a preponderant role at large scale or probably at large climatic  gradients43, like 
those found in mountains. For example, a moderate congruence could involve a different scale of response for 
both taxa to the environment. Thus, from a theoretical perspective, future investigations should focus on disen-
tangling the drivers as well as the scale dependence of the cross-taxon congruence involving different types of 
organisms regarding body temperature regulation and degree of specialization. From a pragmatic perspective, 
irrespective of the scale and the determinant factor, plants were proposed as good indicators of species richness 
of other  groups7,42 and that statement seems to hold, at least, in Sierras Grandes.
Materials and methods
Study area. This study was conducted on the western slope of the Sierras Grandes mountain range, in cen-
tral Argentina. These mountains extend from north to south and their elevation varies from ca. 900–2790 m a.s.l. 
with an average maximum elevation of approximately 2000 m a.s.l. The climate in the study area is mountainous 
sub-humid to  semiarid44. The mean annual temperature is 14 °C, decreasing to 8 °C at about 2000 m a.s.l, with 
no frost-free  period45 being the rainy period from September to  March46.
The area corresponds to the Mountain Chaco district of the Chaco biogeographic  region47 and historically 
three different elevational belts were described, (1) mountain woodland, reaches up to 1300 m a.s.l., (2) moun-
tain shrublands, distributed between 1300 and  170044, and (3) high mountain grassland above  170045. The 
mountain woodland is dominated by tree species such as Lithraea molleoides, Acacia caven, and Fagara coco48. 
The mountain shrubland is dominated by Baccharis aliena46. The high mountain grassland up to 1900 m a.s.l. is 
dominated mainly by Stipa spp., Piptochaetium spp. and Festuca hieronymi. Above 1900 m a.s.l. the predominant 
species are Deyeuxia hieronymi, Poa stuckertii and Alchemilla pinnata45. Considering species historical biogeog-
raphy, grasslands at lower altitude are dominated by subtropical grass genera whereas Andean taxa predominate 
above 1900 m a.s.l45. Recently, due to the difference in the evolutionary origins of the species composing the 
assemblages at high and low altitudes, this area was proposed as a part of a new biogeographic province namely 
 Comechingones49. Livestock rearing is the main economic activity since the seventeenth century in Sierras 
Grandes however, they are in a relatively good state of  conservation44,46.
Study design. We identified all the pre-existing ascent trails of the area by using satellite images and tour-
ist information and those mostly covering the elevation range were selected. We kept three elevational trails 
(elevational gradients), ordered from north to south: (1) Cerro Los Gigantes, spanning from 1100 to 2200 m 
a.s.l., (2) Cerro Trinidad, 1100 to 2100 m a.s.l. and (3) Cerro Ventana, 1100 a 2100 m a.s.l. We located a sampling 
site every 100 m a.s.l. along each gradient (Fig. 5). Each sampling site consisted of an observational unit where 
orthopterans and plants were sampled and environmental variables were measured.
Orthoptera and plant sampling. Based on  Kent51  plant species were surveyed using the Braun–Blan-
quet method at each sampling site in three quadrats (1 m × 1 m for herbs and of 4 m × 4 m for woody plants) 
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in well-defined homogeneous vegetation strata, avoiding non-representative small vegetation patches. Speci-
mens were collected for further identification and some species were taxonomically identified in the field. Plant 
taxonomy follows the Catalogo de Plantas Vasculares del Cono  Sur52 and the online update (http://www.darwi 
n.edu.ar). Orthopterans were collected with an entomological net (diameter: 38 cm) on three occasions during 
 summer28 by applying 50 sweeps along a 50 m line at each sampling site. This widely used technique allows a rep-
resentative sampling of the arthropods found on the  vegetation53. All specimens, adults and nymphs, were iden-
tified to species level when possible, using morphological characteristics according to current  taxonomy54–56. 
Voucher specimens of all morphospecies have been deposited at Museo de La Plata (MLP), Argentina.
Estimation of environmental variables. We considered three variables related to the energy hypotheses 
and two variables related to the habitat heterogeneity hypothesis. As energy-related variables, we estimated tem-
perature, water availability, and net primary productivity (NPP). Mean summer temperature data was derived 
from WorldClim V.II57 with a spatial resolution of 30 s (~ 1  km2 cell grid)57, an improved version of WorldClim 
 database58, widely used in  mountains12,59. This original WorldClim database used data of climatic stations and 
altitude to develop interpolated climate  surfaces58, the new version includes new variables in the interpolation 
process, coast distance, and three satellite‐derived covariates: maximum and minimum land surface tempera-
ture and cloud cover, obtained with the MODIS satellite  platform57. Temperature data was resampled regarding 
altitude to obtain a grid resolution of 30 × 30  m2. Thus, we calculated the mean summer temperature in windows 
of 2 × 2 pixels containing each sampling site. To represent water availability for plants along the gradient in the 
sampling period, we took 2 soil samples in random points at each sampling site once a month during summer, to 
represent conditions during the growth period for plants in the study area. We estimated the mass of water per 
mass of dry soil using a sample taken from the top 10 cm, a widely used standard for asses soil  conditions60. We 
weighting and drying the sample to remove water and then weighing the dried  soil61. As a surrogate of the NPP, 
we used the normalized difference vegetation index (NDVI)62, which was estimated from Landsat 8 (OLI) satel-
lite image data from the summer of the sampling year and the previous one. The spatial resolution of Landsat 
8 (OLI) is 30 × 30  m2. Thus, the mean value of the NDVI was calculated in a window of 2 × 2 pixels, as using a 
Figure 5.  Location of the study sites in Sierras Grandes Mountains in central Argentina. Map created using the 
Free and Open Source  QGIS50.
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group of pixels enhances the correlation of NDVI with NPP compared with pixel-level  estimations63. Finally, 
to assess environmental heterogeneity we obtained the standard deviation of the NDVI to account for vegeta-
tion  heterogeneity64. Also, environmental heterogeneity in mountain systems can be quantified as topographic 
 heterogeneity12,16, an indicator of the diversity in environmental conditions over distance. Therefore, we first 
quantified the slope from a digital elevation model (DEM) of 30 × 30  m2 of  resolution65 and then we calculated 
the terrain ruggedness index (TRI)66 with the spatial resolution of the DEM. TRI is related to the slope of a site 
and its  variability66. At the same time, the slope is related to the elevation range of a site; a high slope implies 
a high elevation range and high environmental  heterogeneity67. Thus, to estimate TRI at each sampling site, a 
mean TRI in a window of 2 × 2 pixels was obtained. All grid variables were calculated using QGis  software50.
At the local scale, plant diversity may be influenced by soil  characteristics68. Thus, to control for that fac-
tor, a sample soil was collected from the top 10 cm at each of the three plant sampling quadrats, during the 
survey of plants. Then, we mixed the three samples from each sampling site. The samples were analyzed in the 
“Instituto del Suelo” of the “Instituto Nacional de Tecnologia Agropecuaria”. The pH and electrical conductivity 
were determined in a 1:2.5 (w:v) suspension of soil in water. Carbon content (C) was determined by the Walk-
ley–Black method and the conversion to organic carbon was made by a factor of 1.22. Organic nitrogen (N) (%) 
was ascertained by the micro-Kjeldahl procedure and total phosphorus (P) (%) by the Bray–Kurtz method. To 
summarize soil characteristics into a single nutrient variable, accounting for high positive correlations among all 
nutrient-related variables, we performed a principal component analysis (PCA) and retained the first component 
as a new synthetic nutrient content variable.
Data analysis. Variables trends along the three elevational gradients were described by elaborating a scat-
ter plot for each environmental variable as a function of elevation. Locally weighted regressions were fitted and 
trends were overlapped on the plots to visually analyze the elevational pattern of each environmental  variable69. 
The locally weighted regressions were fitted with a span of 0.75, a second-order polynomial degree and, were 
fitted by least squares with loess function using R  software23.
Also, we assessed the cross-taxon congruence and described the elevational trends in species richness. For 
orthopterans, species richness and abundance per sampling site were calculated by pooling the three summer 
samplings. For plants, species richness was obtained as the total number of the surveyed species by pooling the 
three herb plant quadrats and the three woody plants quadrats per sampling site. Then, the overall degree of 
cross-taxon congruence between plants and orthopterans richness was assessed by obtaining the Spearman cor-
relation  coefficient5. To describe the elevational trend of species richness we proceeded as previously detailed for 
environmental variables. We plotted species richness as a function of elevation for each taxon and fitted the trend 
with locally weighted regressions. For plants and orthopterans we assigned visually the obtained  patterns22,70 to 
one of the four categories proposed by  McCain9: (1) decreasing, (2) low elevational plateau, (3) low elevational 
plateau with a mid-peak and (4) unimodal mid elevational peak.
We analyzed the degree of support for each hypothesis by identifying, through a model selection procedure, 
the main environmental variable related to species richness. We ran single Generalized Linear Mixed Models 
(GLMM) of species richness as a function of each environmental variable,71 with a Poisson error distribution 
and included the three gradients as a random effect of a categorical  factor72. For orthopterans, we ran six single 
regression models (Table 2) and one null model with no variables, to account for the lack of pattern. For plant 
species richness, we ran four single models (Table 2) and one null model. We ranked the models for each taxon 
following the Akaike information criterion using the model.sel function of the R package MuMin and kept the 
variable involved in the most informative one (i.e., lowest AIC) for the following analyses. Previously, environ-
mental variables were tested for multicollinearity, using pairwise correlations and checking that the correlation 
coefficient was less than 0.75, to avoid spurious model selection, and to ensure that the environmental scenario 
was appropriated to disentangle the response of richness to the different environmental variables. 
Finally, to disentangle the role of environmental variables and biotic interactions in the cross-taxon congru-
ence, we used structural equation modeling (SEM). We built a SEM including all possible paths linking the previ-
ously identified environmental variable with species richness for both taxa according to the theoretical hypotheses 
studied. This technique, contrary to a multiple regression approach, allowed the inclusion of paths representing 
direct and indirect relationships between variables in the  model73. We adopted the strictly confirmatory model 
evaluation  type73. Thus, we analyzed a unique complete model including paths reflecting the direct and indirect 
Table 2.  Alternative environmental variables considered in the study to explain elevational species richness 
patterns. “X”: Variable included in the models; “–”: Variable not included in the models for not representing a 
hypothesis for the specified taxa.
Variables Orthopterans Plants
Temperature X X
Soil water content – X
NDVI X –
NDVI standard deviation X –
Terrain ruggedness index X X
Plant richness X –
Soil nutrient content – X
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relationships among variables under the action of the ecological mechanisms driving species richness proposed 
by the study hypotheses. Particularly, the model included a direct relationship between plant and orthopteran 
species richness and a common response of both taxa to an environmental gradient to simultaneously represent 
the possible causes of cross-taxon congruence. We included the main environmental variables related to species 
richness obtained from the GLMMs for each taxon. Also, the complete SEM model included the indirect influ-
ence of environment on orthopteran species richness via orthopteran abundance to account for the resource 
exploitation hypothesis prediction. As we run a unique complete model we first evaluated the goodness of fit of 
the overall model using Shipley’s test of directed separation, which yields a Fisher’s C statistic and a Chi-square 
 distribution74. Finally, if the model is adequate, the analysis should focus on estimating the strengths of the direct 
and indirect pathways rather than alternative partial  models73,75. Non-significant paths were taken as not relevant 
 relationships73 and would lead to discarding the hypotheses they reflect. We included the gradient as a random 
term and the Poisson error distribution in fitting the SEM with the PIECEWISESEM  package73 in R  software23.
All analyses were undertaken in the R statistical language version 3.6.223. Details about the packages and 
functions used are given under each section. We have made our code publicly available on GitHub: https ://githu 
b.com/Carol inasa manta /Richn essPa ttern .
Received: 4 November 2020; Accepted: 8 February 2021
References
 1. Brown, J. H. Why are there so many species in the tropics? J. Biogeogr. 41, 8–22 (2014).
 2. Classen, A. et al. Temperature versus resource constraints: Which factors determine bee diversity on Mount Kilimanjaro, Tanzania? 
Glob. Ecol. Biogeogr. 24, 642–652 (2015).
 3. Rahbek, C. et al. Humboldt’s enigma: What causes global patterns of mountain biodiversity? Science 365, 1108–1113 (2019).
 4. Toranza, C. & Arim, M. Cross-taxon congruence and environmental conditions. BMC Ecol. 10, 18 (2010).
 5. Gioria, M., Bacaro, G. & Feehan, J. Evaluating and interpreting cross-taxon congruence: Potential pitfalls and solutions. Acta Oecol. 
37, 187–194 (2011).
 6. Graham, C. H. et al. The origin and maintenance of montane diversity: Integrating evolutionary and ecological processes. Ecography 
(Cop.) 37, 711–719 (2014).
 7. Westgate, M. J., Tulloch, A. I. T., Barton, P. S., Pierson, J. C. & Lindenmayer, D. B. Optimal taxonomic groups for biodiversity 
assessment: A meta-analytic approach. Ecography (Cop.) 40, 539–548 (2017).
 8. Lomolino, M. V. Elevation gradients of species-density: Historical and prospective views. Glob. Ecol. Biogeogr. 8, 1–2 (2001).
 9. McCain, C. M. Global analysis of bird elevational diversity. Glob. Ecol. Biogeogr. 18, 346–360 (2009).
 10. Peters, M. K. et al. Predictors of elevational biodiversity gradients change from single taxa to the multi-taxa community level. Nat. 
Commun. 7, 13736 (2016).
 11. Sundqvist, M. K., Sanders, N. J. & Wardle, D. A. Community and ecosystem responses to elevational gradients: Processes, mecha-
nisms, and insights for global change. Annu. Rev. Ecol. Evol. Syst. 44, 261–280 (2013).
 12. Ruggiero, A. & Hawkins, B. A. Why do mountains support so many species of birds? Ecography (Cop.) 31, 306–315 (2008).
 13. Mccain, C. M. & Colwell, R. K. Assessing the threat to montane biodiversity from discordant shifts in temperature and precipita-
tion in a changing climate. Ecol. Lett. 14, 1236–1245 (2011).
 14. Hawkins, B. A. et al. Energy, water, and broad-scale geographic patterns of species richness. Ecology 84, 3105–3117 (2003).
 15. Currie, D. J. Energy and large-scale patterns of animal and plant species richness. Am. Nat. 137, 27–49 (1991).
 16. Stein, A., Gerstner, K. & Kreft, H. Environmental heterogeneity as a universal driver of species richness across taxa, biomes and 
spatial scales. Ecol. Lett. 17, 866–880 (2014).
 17. Costanza, J. K., Moody, A. & Peet, R. K. Multi-scale environmental heterogeneity as a predictor of plant species richness. Landsc. 
Ecol. 26, 851–864 (2011).
 18. Vetaas, O. R., Paudel, K. P. & Christensen, M. Principal factors controlling biodiversity along an elevation gradient: Water, energy 
and their interaction. J. Biogeogr. https ://doi.org/10.1111/jbi.13564 (2019).
 19. Lande, R. Risks of population extinction from demographic and environmental stochasticity and random catastrophes. Am. Nat. 
142, 911–927 (1993).
 20. Kaspari, M., Alonso, L. & O’Donnell, S. Three energy variables predict ant abundance at a geographical scale. Proc. R. Soc. B Biol. 
Sci. 267, 485–489 (2000).
 21. Pianka, E. R. Latitudinal gradients in species diversity: A review of concepts. Am. Nat. 100, 33–46 (1966).
 22. Werenkraut, V. & Ruggiero, A. The richness and abundance of epigaeic mountain beetles in north-western Patagonia, Argentina: 
Assessment of patterns and environmental correlates. J. Biogeogr. 41, 561–573 (2014).
 23. R Core Team. R version 3.6.2 ‘Dark and Stormy Night’ (2019). (Accessed 12 December 2019). https ://www.r-proje ct.org. 
 24. Blanchet, F. G., Cazelles, K. & Gravel, D. Co-occurrence is not evidence of ecological interactions. Ecol. Lett. 23, 1050–1063 (2020).
 25. Hodkinson, I. D. Terrestrial insects along elevation gradients: Species and community responses to altitude. Biol. Rev. 80, 489–513 
(2005).
 26. Kampmann, D. et al. Mountain grassland biodiversity: Impact of site conditions versus management type. J. Nat. Conserv. 16, 
12–25 (2008).
 27. Janzen, D. H. et al. Changes in the arthropod community along an elevational transect in the Venezuelan Andes. Biotropica 8, 
193–203 (1976).
 28. Sirin, D., Eren, O. & Ciplak, B. Grasshopper diversity and abundance in relation to elevation and vegetation from a snapshot in 
Mediterranean Anatolia: Role of latitudinal position in altitudinal differences. J. Nat. Hist. 44, 1343–1363 (2010).
 29. Alexander, G. & Hilliard, J. R. Altitudinal and seasonal distribution of Orthoptera in the Rocky Mountains of northern Colorado. 
Ecol. Monogr. 39, 385–432 (1969).
 30. Mojica, A. S. & Fagua, G. Estructura de las comunidades de orthoptera (insecta) en un gradiente altitudinal de un bosque andino. 
Rev. Colomb. Entomol. 32, 200–213 (2006).
 31. Grytnes, J. A. Species-richness patterns of vascular plants along seven altitudinal transects in Norway. Ecography (Cop.) 26, 291–300 
(2003).
 32. McCain, C. M. & Grytnes, J.-A. Elevational gradients in species richness. Encyl. Life Sci. https ://doi.org/10.1002/97804 70015 902.
a0022 548 (2010).
 33. Xu, X. et al. Altitudinal patterns of plant species richness in the Honghe region of China. Pak. J. Bot. 49, 1039–1048 (2017).




Scientific Reports |         (2021) 11:4711  | https://doi.org/10.1038/s41598-021-83763-3
www.nature.com/scientificreports/
 35. Röder, J. et al. Heterogeneous patterns of abundance of epigeic arthropod taxa along a major elevation gradient. Biotropica 49, 
217–228 (2017).
 36. Evans, K. L., Warren, P. H. & Gaston, K. J. Species-energy relationships at the macroecological scale: A review of the mechanisms. 
Biol. Rev. Camb. Philos. Soc. 80, 1–25 (2005).
 37. Kissling, W. D., Rahbek, C. & Böhning-Gaese, K. Food plant diversity as broad-scale determinant of avian frugivore richness. Proc. 
R. Soc. Biol. Sci. 274, 799–808 (2007).
 38. Kissling, W. D., Field, R. & Böhning-Gaese, K. Spatial patterns of woody plant and bird diversity: Functional relationships or 
environmental effects? Glob. Ecol. Biogeogr. 17, 327–339 (2008).
 39. Chown, S. L. & Gaston, K. J. Exploring links between physiology and ecology at macro scales: The role of respiratory metabolism 
in insects. Biol. Rev. 74, 87–120 (1999).
 40. de Araújo, W. S. Different relationships between galling and non-galling herbivore richness and plant species richness: A meta-
analysis. Arthropod. Plant. Interact. 7, 373–377 (2013).
 41. Qian, H. & Kissling, W. D. Spatial scale and cross-taxon congruence of terrestrial vertebrate and vascular plant species richness 
in China. Ecology 91, 1172–1183 (2010).
 42. Burrascano, S. et al. Congruence across taxa and spatial scales: Are we asking too much of species data? Glob. Ecol. Biogeogr. 27, 
980–990 (2018).
 43. Field, R. et al. Spatial species-richness gradients across scales: A meta-analysis. J. Biogeogr. 36, 132–147 (2009).
 44. Giorgis, M. A. et al. Composición florística del Bosque Chaqueño Serrano de la provincia de Córdoba, Argentina. Kurtziana 36, 
9–43 (2011).
 45. Cabido, M., Funes, G., Pucheta, E., Vendramani, F. & Díaz, S. A chorological analysis of the mountains from Central Argentina. Is 
all what we call Sierra Chaco really Chaco? Contribution to the study of the flora and vegetation of the Chaco: 12. Candollea 53, 
321–331 (1998).
 46. Giorgis, M. A. et al. Changes in floristic composition and physiognomy are decoupled along elevation gradients in central Argen-
tina. Appl. Veg. Sci. 20, 553–571 (2017).
 47. Cabrera, A. L. Fitogeografia de la República Argentina. In Enciclopedia Argentina de Agricultura y Jardinería Vol. 14 (ed. Kugler, 
W. F.) 1–42 (ACME, New York, 1976).
 48. Giorgis, M. A. et al. Diferencias en la estructura de la vegetación del sotobosque entre una plantación de Pinus taedaL. (Pinaceae) 
y un matorral serrano (Cuesta Blanca, Córdoba). Kurtziana 31, 39–49 (2005).
 49. Martínez, G. A., Arana, M. D., Oggero, A. J. & Natale, E. S. Biogeographical relationships and new regionalisation of high-altitude 
grasslands and woodlands of the central Pampean Ranges (Argentina), based on vascular plants and vertebrates. Aust. Syst. Bot. 
29, 473–488 (2016).
 50. QGIS Development Team. QGIS Geographic Information System (Accessed 19 April 2019). (2019).
 51. Kent, M. The description of vegetation in the field. In Vegetation Description and Data Analysis: A Practical Approach (ed. Kent, 
M.) 65–116 (Wiley-Blackwell, Hoboken, 2012).
 52. Catálogo de las plantas vasculares del Cono Sur : (Argentina, Sur de Brasil, Chile, Paraguay y Uruguay). (Missouri Botanical Garden 
Press, 2008).
 53. Haddad, N., Tilman, D., Haarstad, J., Ritchie, M. & Knops, J. M. N. Contrasting effects of plant richness and composition on insect 
communities: a field experiment. Am. Nat. 158, 17–35 (2001).
 54. Braun, H. & Zubarán, G. Tettigoniidae (Orthoptera) Species from Argentina and Uruguay (2019).
 55. Carbonell, C. S., Cigliano, M. M. & Lange, C. E. Acridomorph (Orthoptera) Species of Argentina and Uruguay. Version II [2019]. 
https ://bioda r.unlp.edu.ar/acrid omorp h/.
 56. Cigliano, M. M., Braun, H., Eades, D. C. & Otte, D. Orthoptera Species File. Version 5.0/5.0 (2018). http://ortho ptera .speci esfil e.org.
 57. Fick, S. E. & Hijmans, R. J. WorldClim 2: New 1-km spatial resolution climate surfaces for global land areas. Int. J. Climatol. 37, 
4302–4315 (2017).
 58. Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G. & Jarvis, A. Very high resolution interpolated climate surfaces for global 
land areas. Int. J. Climatol. 25, 1965–1978 (2005).
 59. Carrara, R., Silvestro, V. A., Cheli, G. H., Campón, F. F. & Flores, G. E. Disentangling the effect of climate and human influence on 
distribution patterns of the darkling beetle Scotobius pilularius Germar, 1823 (Coleoptera: Tenebrionidae). Ann. Zool. 66, 693–701 
(2016).
 60. Aisen, S., Werenkraut, V., Márquez, M. E. G., Ramírez, M. J. & Ruggiero, A. Environmental heterogeneity, not distance, structures 
montane epigaeic spider assemblages in north-western Patagonia (Argentina). J. Insect Conserv. 21, 1–12 (2017).
 61. Bilskie, J. Soil Water Status: Content and Potential (Campbell Scientific Inc., Logan, 2001).
 62. Tucker, C. Red and photographic infrared linear combinations for monitoring vegetation. Remote Sens. Environ. 8, 127–150 (1979).
 63. Wang, J., Rich, P. M., Price, K. P. & Dean-Kettle, W. Relations between NDVI, grassland production, and crop yield in the central 
great plains. Geocarto Int. 20, 5–11 (2005).
 64. Oindo, B. O., de By, R. A. & Skidmore, A. K. Interannual variability of NDVI and bird species diversity in Kenya. Int. J. Appl. Earth 
Obs. Geoinf. 2, 172–180 (2000).
 65. IGN. Modelo Digital de Elevaciones de la República Argentina. (Instituto Geográfico Nacional—Dirección General de Servicios 
Geográficos—Dirección de Geodesia, 2016).
 66. Riley, S. J., DeGloria, S. D. & Elliot, R. A terrain ruggedness index that quantifies topographic heterogeneity. Intermt. J. Sci. 5, 23–27 
(1999).
 67. Stein, A. & Kreft, H. Terminology and quantification of environmental heterogeneity in species-richness research. Biol. Rev. 90, 
815–836 (2015).
 68. Tilman, D. & Pacala, S. W. The maintenance of species richness in plant communities. In Species Diversity in Ecological Communi-
ties (eds Ricklefs, R. E. & Schulter, D.) 13–25 (University of Chicago Press, Chicago, 1993).
 69. Cleveland, W. S., Grosse, E. & Shyu, W. M. Local regresion models. In Statistical Models in S (eds Chambers, J. M. & Hastie, T. J.) 
227 (Chapman and Hall, London, 1993).
 70. Szewczyk, T. & Mccain, C. M. A systematic review of global drivers of ant elevational diversity. PLoS ONE 11, e0155404 (2016).
 71. Beck, J. et al. Elevational species richness gradients in a hyperdiverse insect taxon: A global meta-study on geometrid moths. Glob. 
Ecol. Biogeogr. 26, 412–424 (2017).
 72. Bolker, B. M. Ecological Statistics: Contemporary Theory and Application (Oxford University Press Inc., Oxford, 2015).
 73. Grace, J. B. Structural Equation Modeling and Natural Systems (Cambridge University Press, Cambridge, 2006).
 74. Lefcheck, J. S. piecewiseSEM: Piecewise structural equation modelling in r for ecology, evolution, and systematics. Methods Ecol. 
Evol. 7, 573–579 (2016).
 75. Jiménez-Alfaro, B., Chytrý, M., Mucina, L., Grace, J. B. & Rejmánek, M. Disentangling vegetation diversity from climate-energy 
and habitat heterogeneity for explaining animal geographic patterns. Ecol. Evol. 6, 1515–1526 (2016).
11
Vol.:(0123456789)
Scientific Reports |         (2021) 11:4711  | https://doi.org/10.1038/s41598-021-83763-3
www.nature.com/scientificreports/
Acknowlegements
We are deeply grateful to M.I. Bellocq, and we honor her memory, for her contributions in planning this research 
V. Loetti and S. Santoandre assisted us in field and laboratory work. Comments made by F. Villalobos and anony-
mous reviewers improved the manuscript.
Author contributions
C.S.R. and J.F. conceived the idea and designed the research. C.S.R., J.F. and P.P. conducted the fieldwork. P.P. 
helped with plant identification and M.E.P. identified orthopterans. C.S.R. analyzed the data and prepared figures. 
All authors contributed to writing the manuscript.
Competing interests 
The authors declare no competing interests.
Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-83763 -3.
Correspondence and requests for materials should be addressed to C.S.R.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.
© The Author(s) 2021
